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Multimerization of the Ligand Binding Domains
of Cyclic Nucleotide-Gated Channels
eight-stranded antiparallel  roll, followed by two  heli-
ces called the B and C helices. Although the overall
sequence identity among the CNBDs of these cyclic
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nucleotide-binding proteins is only 20%, the residues3 Howard Hughes Medical Institute
that make important contacts with the bound cAMP orUniversity of Washington
occur at turns between adjacent  strands are con-Seattle, Washington 98195
served. Additionally, a 7 A˚ crystal structure of a chimera
of the CNBD of CNGA1 and the DNA binding domain of
CAP is similar to the structure of CAP (Scott et al., 2001).Summary
Hence, we have used the structure of CAP as a model
for the CNBD of CNG channels (Figure 1A).Cyclic nucleotide-gated (CNG) channels comprise four
How the binding of ligand to an intracellular domainsubunits and are activated by the direct binding of
leads to the opening of the pore is not yet well under-cyclic nucleotide to an intracellular domain on each
stood. In a simplified model, the binding of ligand tosubunit. This ligand binding domain is thought to con-
the CNBD is followed by an allosteric conformationaltain a  roll followed by two  helices, designated the
change coupled to the opening of the pore (Karpen etB and C helices. To examine the quaternary structure
al., 1988; Gordon and Zagotta, 1995a, 1995b). Variousof CNG channels and how it changes during ion chan-
cyclic nucleotides, including the full agonist cGMP andnel gating, we introduced single cysteines along the
the partial agonists cAMP and inosine 3:5-cyclic mono-C helix of each subunit in an otherwise cysteineless
phosphate (cIMP), bind to the CNBDs of bovine CNGA1channel. We found that cysteines on the C helices
channels (previously called rod  channels). However,could form intersubunit disulfide bonds, even between
bound cGMP promotes the opening allosteric transitiondiagonal subunits. Disulfide bond formation occurred
approximately one order of magnitude better thanprimarily in closed channels and inhibited channel
bound cIMP and three orders of magnitude better thanopening. These data suggest that the C helices from
bound cAMP (Gordon and Zagotta, 1995a; Varnum etall four channel subunits are in close proximity in the
al., 1995; Sunderman and Zagotta, 1999). Site-directedclosed state and move apart during channel opening.
mutagenesis and cysteine accessibility studies found
that residues in the  roll primarily affect the initial bind-Introduction
ing of ligand, whereas residues in the C helix primarily
affect the allosteric conformational change coupled toCyclic nucleotide-gated (CNG) channels are nonselec-
channel opening (Varnum et al., 1995; Tibbs et al., 1998;tive cation channels that play critical roles in phototrans-
Matulef et al., 1999). These data led to a model in whichduction and olfactory transduction (reviewed in Yau and
the ligand first binds to the  roll, followed by an alloste-Baylor, 1989; Zufall et al., 1994). CNG channels are in
ric conformational change involving a relative movementthe same gene family as voltage-gated K channels
of the C helix toward the  roll.(Kaupp et al., 1989; Jan and Jan, 1990). Like voltage-
We still need to understand how the movement of thegated K channels, CNG channels are thought to be
C helix relative to the  roll leads to the opening of thetetramers, with each subunit containing six transmem-
pore. Previous electrophysiological evidence suggestedbrane domains (S1–S6), a charged S4 region, a P region
that CNG channels may function as a “dimer of dimers”that lines the pore, and cytoplasmic N- and C-terminal
(Liu et al., 1998). Since CAP dimerizes along its C helices,
domains (Kaupp et al., 1989; Molday et al., 1991; Wohlf-
we wondered whether the C helices of multiple subunits
art et al., 1992; Henn et al., 1995; Liu et al., 1996). Despite
of CNG channels are also in close proximity, and
the similarity with voltage-gated K channels, CNG whether changes in these intersubunit interactions
channels are only weakly voltage dependent (Karpen et might be involved in channel opening. In this study,
al., 1988). Rather, CNG channels are activated by the we introduced single cysteines into the C helices of
direct binding of cyclic nucleotides, including guanosine otherwise cysteineless CNGA1 (CNGA1Cys-free) subunits3:5-cyclic monophosphate (cGMP) and adenosine and used both protein chemistry and electrophysiology
3:5-cyclic monophosphate (cAMP), to a C-terminal do- to test for intersubunit disulfide bond formation. Similar
main (Fesenko et al., 1985; Nakamura and Gold, 1987). techniques were recently used to show that C481, an
The cyclic nucleotide-binding domain (CNBD) of CNG endogenous cysteine located about 15 amino acids be-
channels shares sequence similarity with other cyclic fore the beginning of the CNBD, can form intersubunit
nucleotide-binding proteins, including cGMP- and disulfide bonds, primarily when channels are in the open
cAMP-dependent protein kinases (PKG and PKA, re- state (Rosenbaum and Gordon, 2002). We found that the
spectively) and the E. coli catabolite gene activator pro- C helices of CNGA1 subunits are also in close enough
tein (CAP) (for review see Shabb and Corbin, 1992). The proximity to form intersubunit disulfide bonds. These
crystal structures of CAP and PKA have been solved, disulfide bonds, in contrast to those between C481 resi-
and the structures of both are very similar (Weber et al., dues, formed primarily in closed channels, stabilizing the
1987; Su et al., 1995). The CNBD of CAP contains an closed state and causing the channels to be inhibited.
Disulfide bonds could be induced between diagonal
subunits, suggesting that CNG channels may have4 Correspondence: zagotta@u.washington.edu
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Figure 2. L607C Residues from Multiple Channel Subunits Form an
Intersubunit Disulfide Bond
Western blot of total protein isolated from Xenopus oocytes either
uninjected or expressing CNGA1Cys-free or L607C channels. 5% -ME
was added to reduced samples. 20 mM NEM was added to all
samples 45 min after homogenization to quench disulfide bond
formation.
protein from the oocytes was solubilized and run onFigure 1. CNBDs of CNG Channels, HCN Channels, and CAP Share
sodium dodecyl sulfate-polyacrylamide gel electropho-Sequence Similarity
resis (SDS-PAGE) gels under either nonreducing or re-(A) Model of the structure of the CNBD of CNGA1 using SWISS-
MODEL (Guex and Peitsch, 1997) based on the structure of CAP as ducing conditions, and channel protein was visualized
described previously (Matulef et al., 1999). Positions where cys- using Western blotting. A large fraction of L607C sub-
teines were introduced are shown as sticks. Green residues are units, containing a single cysteine near the C-terminal
hydrophobic, blue residues are basic, and red residues are acidic.
end of the C helix, ran at approximately the size of a(B) Amino acid sequence alignment of the C helices of CNBDs of
dimer under nonreducing conditions (Figure 2). In con-several CNG channels, HCN channels, and CAP. Identical amino
trast, CNGA1Cys-free subunits ran entirely at the size of aacids are shaded in yellow. Amino acids that are identical in more
than half of the sequences are shaded in blue. Arrows point to monomer (78 kDa). Both L607C and CNGA1Cys-free sub-
positions found to form intersubunit disulfide bonds in CNGA1 in units ran at the size of a monomer under reducing condi-
this paper. tions. These results demonstrate that L607C subunits
are able to form a disulfide bond with a protein of a
similar size, most likely another channel subunit.
4-fold symmetry, rather than acting as a dimer of dimers. The observed doublet at the approximate size of the
These results imply that the C helices of multiple channel monomer corresponded to glycosylated and unglycosy-
subunits are in close proximity in the closed state and lated subunits, as evidenced by the presence of only a
perhaps move apart during channel opening. single monomer band in subunits containing mutations
at the N327 glycosylation site (Rho et al., 2000; data not
shown). We did not usually observe a doublet in theResults
dimer-size band; however, the resolution on the 3%–8%
gradient gels is not as good near the top of the gel, andAlthough the C helices of CAP and CNG channels show
little sequence identity, both regions do contain several it is possible that a doublet in the dimer-size band could
not be resolved. The ratio of the glycosylated to unglyco-hydrophobic residues, and a leucine involved in the di-
merization of CAP (L124) is conserved in all known CNG sylated monomer was similar in samples with various
amounts of disulfide-bonded protein (Figures 2 and 3),channels and hyperpolarization-activated, cyclic nucle-
otide-modulated (HCN) channels (Figure 1B). To test if suggesting that both glycosylated and unglycosylated
channels can form this disulfide bond. The faint bandthe C helices of multiple subunits of the CNGA1 channel
are in close proximity, like CAP, we introduced single running at approximately 100 kDa was a nonspecific
band often seen in uninjected oocytes (Figures 2, 3A,cysteine residues along the C helices of CNGA1Cys-free
subunits. Positions individually mutated to cysteines are and 4A).
This disulfide bond did not form in the reducing envi-shown as sticks in the homology model shown in Figure
1A. For the subunits containing a single cysteine to form ronment of whole oocytes, but rather, formed spontane-
ously at pH 8.0 after homogenization, since addition ofa disulfide bond, the cysteine must be within close prox-
imity to another cysteine, either in another channel sub- the cysteine-modifying reagent N-ethyl maleimide
(NEM) to the homogenization buffer prevented disulfideunit or another protein. To determine if channels could
form intersubunit disulfide bonds, homomeric CNGA1 bond formation (Figure 3, t  0). To measure the time
course of disulfide bond formation, we added 20 mMchannels were expressed in Xenopus oocytes. Total
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Figure 3. Time Course of L607C Disulfide
Bond in Protein Preparations
(A) Western blot of total protein isolated from
Xenopus oocytes expressing L607C chan-
nels. 20 mM NEM was added at the indicated
time after homogenization. All samples were
run in the absence of -ME.
(B) Time course of disulfide bond formation
of L607C channels in protein preparations.
The smooth line is fit to a single exponential
where [D/(D M)]  [D/(D M)]f  (1  ekt),
where [D/(D  M)]f is the final steady-state
fraction of protein that is disulfide bonded, k
is the rate of disulfide bond formation, and t
is the time that the disulfide bond was allowed
to form. [D/(D  M)]f  0.79, and k  7.8 
104 s1.
NEM at various time points after homogenization (Figure CNGA1Cys-free subunits at every position from M592 to
D608, we found that the amount of disulfide bond formed3). Band intensity was quantified, and the fraction of
the protein that was disulfide bonded was plotted as depended on the location of the cysteine (Figure 4A).
The apparent molecular weight of the dimer complexesa function of time after homogenization before NEM
application (Figure 3). We found that disulfide bonds in varied slightly depending on where the cysteine was
introduced. However, concatenated proteins often runL607C channels formed at a rate of 5.9  104  1.0 
104 s1 (mean  SEM, n  3). The ability of L607C on SDS-PAGE gels at slightly different sizes than ex-
pected because disulfide bond formation restricts thechannels to form relatively rapid intersubunit disulfide
bonds implies that the C helices of multiple channel conformational freedom of a protein, changing the pro-
tein’s shape and making it less able to bind SDS (Webersubunits are close together.
Next, we tested whether this disulfide bond was spe- et al., 1972). As negative controls, we tested two chan-
nels where each subunit contained a single cysteine incific to L607C or whether other residues along the C
helices could also form disulfide bonds between sub- the  roll, either at position V534 or S537. These subunits
ran entirely at the molecular weight of the monomerunits. When single cysteines were introduced into
Figure 4. Several Residues along the C Helix Form Intersubunit Disulfide Bonds
(A) Western blot of total protein isolated from Xenopus oocytes either uninjected or expressing channels containing the labeled introduced
cysteine. All samples were run in the absence of -ME.
(B) Bar graph summarizing the ratios of dimer:monomer band intensities (mean  SEM) for several protein preparations (numbers above each
bar indicate the number of protein preparations quantified). Dimer:monomer intensities are: 	0.47  red, 0.22–0.47  yellow, and 
0.22 
blue.
(C) Homology model of CNGA1, with residues mutated to cysteine spacefilled. Colors correspond to those shown in (B). Side view is shown
on the left, and axial view is shown on the right.
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Table 1. Effects of Introduction of Cysteines
Imax,cAMP/Imax,cGMP Imax,cIMP/Imax,cGMP Imax,cGMP/Imax,cGMPNi2
CNGA1Cys-free 0.048  0.005 (n  17) 0.720  0.015 (n  21) 1.04  0.05 (n  3)
I600C 0.061  0.040 (n  2) 0.624  0.018 (n  37) ND
L601C 0.0025  0.0003 (n  13) 0.0085  0.0007 (n  17) 0.66  0.05 (n  4)
L607C 0.022  0.005 (n  15) 0.180  0.017 (n  21) 0.86  0.05 (n  3)
All measurements are mean  SEM, recorded at 60 mV. ND, not determined.
(Figure 4). Band intensity was quantified, and the ratio activate L601C channels 66% of the time and L607C
channels 86% of the time. These data indicate thatof dimer to monomer band intensities is shown in Figure
4B. Statistical analysis showed that all positions tested the L601C and L607C mutations did indeed increase
the free energy of the opening allosteric transition.except for V534C, S537C, G597C, and K598C formed
statistically significant amounts of dimer compared to Do intersubunit disulfide bonds form between C heli-
ces in functional channels, and what are the physiologi-CNGA1Cys-free channels (p  0.05, unpaired t test). This
likely reflects the flexibility of the C helices in the closed cal consequences of forming these disulfide bonds? We
tested whether a disulfide bond between C helices ofstate. Channels containing cysteines at positions L593,
I600, L601, or L607 formed the largest amount of disul- multiple subunits could be induced in functional I600C,
L601C, and L607C channels using the mild oxidizingfide bond (red, Figures 4B and 4C). Interestingly, these
residues, three leucines and one isoleucine, are hy- agent copper phenanthroline (Cu(phen)3) (Kobashi,
1968; Careaga and Falke, 1992; Gordon et al., 1997). Indrophobic residues in CNGA1 and nearly all other cloned
CNG channels (Figure 1B). Three of these residues, each case, Cu(phen)3 caused a large decrease in maxi-
mal cGMP current, as shown in the current traces inL593C, I600C, and L607C, form a heptad repeat and lie
along one face of an  helix, suggesting that this region response to voltage steps (Figure 5). The inhibition had
reached steady state after these Cu(phen)3 exposures,is indeed -helical in CNG channels like in CAP. The
one residue that does not lie along this face, L601C, is as evidenced by the fact that longer application of
Cu(phen)3 did not decrease the current further (data notabsolutely conserved in CNG channels, HCN channels,
and CAP; additionally, this is one of the residues in- shown). This inhibition was stable in the absence of
Cu(phen)3 (data not shown), but reversed readily aftervolved in the dimer interface of CAP (Figure 1B). Several
other residues, shown in yellow, formed intermediate application of the reducing agent dithiothreitol (DTT),
as shown in Figure 5. In I600C channels and L607Camounts of disulfide bonds (Figures 4B and 4C). These
lie on a face of the  helix that is adjacent to most of channels, Cu(phen)3 inhibited the current elicited by sat-
urating concentrations of cIMP by a larger fraction thanthe residues that formed the largest amount of disulfide
bond. These results suggest that intersubunit disulfide the current elicited by saturating concentrations of
cGMP (data not shown); the currents elicited by cIMPbonds can form between residues along the length of
the C helix. in L601C channels were too small to quantify inhibition.
Cu(phen)3 had no effect on control CNGA1Cys-free channelsThe effects of the L593C, I600C, L601C, and L607C
mutations themselves on channel gating were deter- (Figure 5). These data suggest that cysteines at I600,
L601, and L607 form intersubunit disulfide bonds inmined by recording from inside-out patches from Xeno-
pus oocytes. The fractional activations of saturating functional channels, and formation of these disulfide
bonds inhibits channel opening.concentrations of cAMP and cIMP compared to cGMP
(Imax,cAMP/Imax,cGMP and Imax,cIMP/Imax,cGMP, respectively) were To verify that this decrease in current was not some
artifact caused by the Cu(phen)3 or the lack of EDTA inused to estimate the free energy of the opening allosteric
transition. The L593C mutation prevented expression of the Cu(phen)3 solutions, we took advantage of the fact
that disulfide bond formation is pH dependent (Fried-functional channels (data not shown). The I600C muta-
tion had little effect on channel gating, as indicated by man, 1973). I600C, L601C, and L607C channels are not
inhibited at pH 7.2 (data not shown), suggesting thatthe unaltered Imax,cAMP/Imax,cGMP and Imax,cIMP/Imax,cGMP values
(Table 1). The L601C and L607C mutations both caused spontaneous disulfide bond formation at these positions
is either very slow or does not occur. Simply raising thesignificant decreases in Imax,cAMP/Imax,cGMP and Imax,cIMP/
Imax,cGMP (Table 1), suggesting that these mutations in- pH to 8.0, the pH of the homogenization solution in the
protein preparations, speeds up disulfide bond forma-creased the free energy of the opening allosteric tran-
sition. tion. Although the disulfide bond formation was much
slower at pH 8.0 than when induced by Cu(phen)3, theBecause mutations in the CNBD could potentially
have cyclic nucleotide-specific effects on gating, we steady-state effects were virtually identical, as shown
for L601C and L607C channels (Figure 6). Current inhibi-additionally used intracellular Ni2 to estimate the free
energy of the opening allosteric transition with cGMP. tion was stable at pH 7.2, but readily reversed when
DTT was added. We did not determine the effects of pHIntracellular Ni2 was previously found to stabilize the
opening allosteric transition in CNGA1 channels (Gordon 8.0 solution on I600C channels, since the Cu(phen)3-
induced disulfide bond formation was slower in I600Cand Zagotta, 1995a; Sunderman and Zagotta, 1999).
Application of Ni2 caused an increase in current elicited channels than L601C or L607C channels (data not
shown). CNGA1Cys-free channels were not affected by pHby saturating concentrations of cGMP in both L601C and
L607C channels (Table 1, Imax,cGMP/Imax,cGMPNi2), implying 8.0 solution (Figure 6). These data indicate that the disul-
fide bond observed in the protein preparations also canthat saturating concentrations of cGMP without Ni2
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Figure 5. Cu(phen)3-Induced Disulfide Bond
Inhibits Channels Containing Single Cys-
teines per Subunit
Representative current families are shown
from inside-out patches excised from Xeno-
pus oocytes. Currents elicited by 2 mM cGMP
were measured before and after exposure to
Cu(phen)3 and DTT. Cu(phen)3 was applied in
the absence of ligand for 6 min (I600C chan-
nels), in the presence of 2 mM cGMP for 6
min (L601C and L607C channels), and in the
absence of ligand for 19 min (CNGA1Cys-free
channels). 10 mM DTT was applied to each
patch for 12–33 min. Current sweeps were
elicited by voltage pulses from 0 mV to poten-
tials between 80 and 80 mV in 20 mV
steps. Leak currents in the absence of ligand
were subtracted throughout the paper. The
larger currents elicited by high concentra-
tions of cGMP exhibit a small sag due to ion
accumulation/depletion, as indicated by the
small tail currents seen when stepping back
to 0 mV, the reversal potential in these sym-
metrical solutions (Zimmerman et al., 1988).
Currents exhibiting ion accumulation were
measured immediately after stepping the
voltage.
form in functional channels, even in the absence of channels at pH 8.0 in the absence of ligand in the electro-
physiology (6.0  104  1.1  104 s1, n  15; FigureCu(phen)3.
To determine the state dependence of disulfide bond 7) was similar to the rate of disulfide bond formation in
the protein preparations (5.9  104  1.0  104 s1,formation, we measured the rate of inhibition due to
disulfide bond formation in the absence of ligand (when n  3; Figure 3), suggesting that the same process was
indeed occurring in both cases. Like I600C, the rate ofmost of the channels are closed) and in the presence
of saturating cGMP (when most of the channels are current inhibition was faster in the absence of ligand
than in the presence of saturating cGMP in L601C andopen). For I600C channels, the current elicited by satu-
rating concentrations of cGMP was measured as a func- L607C channels (Figure 7A). These rates are summa-
rized for several patches in Figures 7B and 7C. This statetion of cumulative time in Cu(phen)3 applied either in the
absence of ligand or in the presence of saturating cGMP. dependence suggests that disulfide bond formation at
these positions occurs faster in the closed state thanThe rate of current inhibition in I600C channels was
faster in the absence of ligand than in the presence in the open state, implying either that these residues
along C helices of multiple subunits are closer togetherof saturating cGMP (Figure 7A). For L601C and L607C
channels, the current elicited by saturating cGMP at pH in the closed state than in the open state, or that these
cysteines are more reactive or accessible in the closed7.2 was measured as a function of cumulative time at
pH 8.0, either in the absence of ligand or in the presence state than in the open state.
The actual state dependence of disulfide bond forma-of saturating cGMP. Although the experimental condi-
tions were different in the electrophysiology and in the tion may be even greater than that measured by these
time courses. There are several reasons that this stateprotein preparations, the rate of current decay in L607C
Figure 6. Higher pH Also Induces Disulfide
Bond Formation
Representative current families are shown
from inside-out patches excised from Xeno-
pus oocytes. Currents elicited by 2 mM
cGMP, pH 7.2, were measured before and
after time at pH 8.0, and after exposure to
DTT. Channels were at pH 8.0 in the absence
of ligand for 30 min (L601C channels), 45 min
(L607C channels), and 155 min (CNGA1Cys-free
channels). 10 mM DTT was applied to cys-
teine-containing channels for 20–42 min and
to CNGA1Cys-free channels for 5 min.
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Figure 7. Disulfide Bond Formation Is Closed-State Dependent
(A) Time courses of inhibition in I600C, L601C, and L607C channels. Periods of exposure to Cu(phen)3 (for I600C channels) or pH 8.0 solutions
(for L601C and L607C channels), either in the absence of ligand or in the presence of 2 mM cGMP, are indicated by the labeled bars above
the graph (see Experimental Procedures). The extent of modification was determined by measuring the current elicited by 2 mM cGMP at 60
mV (circles). The smooth lines are fits of a single exponential decay where I/Io  If/Io  [1  (If/Io)]ekt, where Io is the initial current elicited by
the test solution, If is the final steady-state current, k is the rate of inhibition, and t is the cumulative time of exposure to Cu(phen)3 or pH 8.0
solutions. For each mutant, If/Io was held to the same value for disulfide bond formation in each state (0.27 for I600C channels, 0.04 for L601C
channels, and 0.18 for L607C channels). For I600C channels: k  1.2  102 s1 without ligand; k  9.0  104 s1 with saturating cGMP. For
L601C channels: k  1.4  103 s1 without ligand; k  1.3  104 s1 with saturating cGMP. For L607C channels: k  6.2  104 s1 without
ligand; k  6.2  105 s1 with saturating cGMP.
(B) Comparison of rates of inhibition due to disulfide bond formation induced by Cu(phen)3. Mean (SEM, n  3–5) rate constants are shown
for Cu(phen)3 applied in the absence of ligand (filled squares) and in the presence of saturating cGMP (open circles).
(C) Comparison of rates of inhibition due to disulfide bond formation at pH 8.0. Mean (SEM, n  3–15) rate constants are shown for pH 8.0
solution applied in the absence of ligand (filled squares) and in the presence of saturating cGMP (open circles).
dependence may be underestimated. (1) Introducing the rate of disulfide bond formation for I600C in the closed
state may be underestimated. (3) A very slow “rundown”cysteines at L601 and L607 decreased the maximal open
probability with cGMP, and based on Ni2 potentiation, in current in CNGA1Cys-free channels often occurred over
the course of the experiment that was not reversible with34% and 14% of the L601C and L607C channels,
respectively, were closed even at saturating cGMP con- DTT (rates shown in Figures 7B and C). This nonspecific
“rundown,” which is independent of disulfide bond for-centrations (Table 1). Hence, even in the presence of
saturating concentrations of cGMP, 34% or 14% of mation, accounts for a higher percentage of current de-
cay in the open state than the closed state. Despitethese channels were capable of forming disulfide bonds
in the closed state, and the true rate of disulfide bond the fact that the state dependence of disulfide bond
formation might be underestimated, the disulfide bondsformation in the open state was actually slower than
that measured with saturating cGMP. (2) We sometimes clearly formed faster in the closed state than in the open
state in I600C, L601C, and L607C channels.observed that the rate of disulfide bond formation was
dependent on the time interval that the patch was ex- We tested whether disulfide bonds could form be-
tween the C helices of diagonal subunits using tandemposed to Cu(phen)3, as if the rate of patch perfusion was
limiting the rate of formation of the disulfide bond. This dimers. Tetrameric channels are assembled from two
tandem dimers, each consisting of two channel subunitsproblem seemed specific to experiments using solutions
without EDTA, as was necessary with Cu(phen)3. To min- attached by a short linker (Gordon and Zagotta, 1995c;
Liu et al., 1996; Varnum and Zagotta, 1996). We madeimize this problem, Cu(phen)3 was applied to the patch
for relatively long time intervals. Since the disulfide bond two homodimer constructs, one in which both subunits
were CNGA1Cys-free (CNGA1Cys-free/CNGA1Cys-free) and onein I600C channels was near the steady-state level by
the end of the first time interval in the closed state, the in which both subunits contained the L607C mutation
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Table 2. Characterization of Channels Composed of Tandem Dimers
Imax,cAMP/Imax,cGMP Imax,cIMP/Imax,cGMP
CNGA1Cys-free/CNGA1Cys-free 0.104  0.016 (n  4) 0.841  0.015 (n  4)
L607C/L607C 0.017  0.009 (n  5) 0.235  0.021 (n  6)
CNGA1Cys-free/L607C 0.026  0.003 (n  16) 0.513  0.030 (n  16)
L607C/CNGA1Cys-free 0.020  0.005 (n  9) 0.466  0.046 (n  9)
All measurements are mean  SEM, recorded at 60 mV.
(L607C/L607C). Additionally, we made two hetero- two CNGA1Cys-free subunits and two L607C subunits, with
the L607C mutations in diagonal subunits in nearly everydimer constructs, one in which the first subunit was
CNGA1Cys-free and the second subunit contained the channel (Gordon and Zagotta, 1995c; Liu et al., 1996;
Varnum and Zagotta, 1996). The L607C mutation itselfL607C mutation (CNGA1Cys-free/L607C), and one in which
the first subunit contained the L607C mutation and the increased the free energy of opening. If channel opening
involves a concerted conformational change in all foursecond subunit was CNGA1Cys-free (L607C/CNGA1Cys-free).
Imax,cAMP/Imax,cGMP and Imax,cIMP/Imax,cGMP were similar in homo- subunits, then the heterodimeric channels would have
a free energy of opening corresponding to the averagedimeric channels (Table 2) and in channels composed
of the respective monomers (Table 1). CNGA1Cys-free/ free energy of opening for L607C channels and CNGA1-
Cys-free channels (Varnum and Zagotta, 1996). Hence, theCNGA1Cys-free homodimeric channels were not affected
by Cu(phen)3 (Figures 8A and 8B). L607C/L607C homodi- heterodimeric channels might be expected to have a
maximal open probability with both cGMP and cIMPmeric channels were inhibited at pH 8.0 in a similar
manner to L607C channels (Figure 8C). that is intermediate between the maximal open probabil-
ities of L607C channels and CNGA1Cys-free channels. ThisThe heterodimeric channels are expected to contain
Figure 8. Disulfide Bonds Can Be Induced between Diagonal Subunits
(A) Time courses of inhibition in tandem dimer channels. Current elicited by 2 mM cGMP (green circles) or 16 mM cIMP (yellow triangles)
were measured at 60 mV as a function of the cumulative time of exposure to Cu(phen)3 applied in the absence of ligand. The smooth lines
are fits of a single exponential decay where I/Io  If/Io  [1  (If/Io)]ekt, as described for Figure 7. The rates of inhibition were as follows:
CNGA1Cys-free/CNGA1Cys-free channels, 1.0  105 s1 for cGMP and 5.9  105 s1 for cIMP; CNGA1Cys-free/L607C channels, 2.1  102 s1 for
cGMP and 4.1  102 s1 for cIMP; and L607C/CNGA1Cys-free channels, 3.0  102 s1 for cGMP and 3.8  102 s1 for cIMP.
(B) Comparison of rates of inhibition induced by Cu(phen)3 applied in the absence of ligand. Mean (SEM, n  3–4) rate constants are shown,
as determined from the decrease in cIMP-elicited current.
(C) Comparison of rates of inhibition in the absence of ligand at pH 8.0. Mean (SEM, n  3–15) rate constants are shown, as determined
from the decrease in cIMP-elicited current for channels composed of heterodimers, and by the decrease in cGMP-elicited current for channels
composed of monomers or homodimers. If/Io values were held for pH 8.0 experiments at the same value as for Cu(phen)3 experiments for
each construct respectively.
Neuron
100
Figure 9. Intersubunit Disulfide Bond Forma-
tion Inhibits the Opening Allosteric Transition
(A) Model describing closed-state inhibition.
The triangles represent cyclic nucleotide, and
the line between the sulfhydryl groups of the
cysteines represents the disulfide bond. For
simplification, only two subunits are shown,
each containing a CNBD.
(B) Cartoon illustrating the CNBDs of two di-
agonal channel subunits during channel acti-
vation. The B and C helices are shown as
cylinders, with multimerization of channel
subunits occurring along the C helices in the
closed state.
is observed with cIMP in CNGA1Cys-free/L607C and L607C/ Discussion
CNGA1Cys-free channels (Table 2), consistent with both
L607C and CNGA1Cys-free subunits being incorporated We have used both protein chemistry and electrophysi-
ology to show that CNGA1 channels composed of sub-into the heterodimeric channels.
If disulfide bonds can form between diagonal subunits, units containing single cysteines along the C helices
can form intersubunit disulfide bonds. The residues thatwe expect to observe disulfide bond formation in channels
composed of CNGA1Cys-free/L607C or L607C/CNGA1Cys-free formed the largest fraction of disulfide bonds are pre-
dicted to lie along one face of an  helix, with the notableheterodimers. Indeed, Cu(phen)3 did inhibit the current
elicited by saturating concentrations of cGMP (green exception of L601C. Disulfide bond formation at I600C,
L601C, and L607C caused channel inhibition and oc-circles, Figure 8A) and saturating concentrations of
cIMP (yellow triangles, Figure 8A) in CNGA1Cys-free/L607C curred faster in the absence of ligand than in the pres-
ence of saturating cGMP. This implies that formation ofand L607C/CNGA1Cys-free heterodimeric channels. Like in
L607C channels, the current decay observed in the hetero- these disulfide bonds is more favorable in the closed
state than in the open state. Disulfide bond formationdimeric channels was stable in the absence of Cu(phen)3,
but largely reversible in the presence of DTT (data not inhibited the maximal cIMP-elicited current by a larger
fraction than the maximal cGMP-elicited current. Ashown). Disulfide bond formation did not decrease the
current to the same steady-state value in heterodimeric model in which intersubunit disulfide bond formation
between C helices inhibits an opening allosteric transi-channels and channels containing four cysteines (see
Discussion). Since the disulfide bond formation de- tion (Figure 9A) can account for the observed closed-
state inhibition and the larger inhibition of cIMP-elicitedcreased the current elicited by saturating concentra-
tions of cIMP more than the current elicited by saturating currents than cGMP-elicited currents. This is in agree-
ment with previous evidence that movement of the Cconcentrations of cGMP, we measured the rates of inhi-
bition of cIMP-elicited current for the heterodimeric helix is important for the opening allosteric transition
(Varnum et al., 1995; Matulef et al., 1999).channels (Figures 8B and 8C). Like Cu(phen)3, pH 8.0
solution also induced disulfide bond formation in CNGA- The cGMP-elicited current decayed by different
amounts in I600C channels, L601C channels, and L607C1Cys-free/L607C and L607C/CNGA1Cys-free heterodimeric
channels (Figure 8C). These data suggest that disulfide channels (Figure 7). The amount of inhibition depended
on the channel’s free energy of opening. The free energybond formation can occur between L607C residues in
diagonal subunits. of opening was lowest in I600C channels, intermediate
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in L607C channels, and highest in L601C channels, as tions, especially I600C and L601C, it is likely that the C
estimated by Imax,cIMP/Imax,cGMP and Imax,cGMP/Imax,cGMPNi2 (Ta- helix is flexible in closed channels. The fact that inter-
ble 1). If we assume that the entire effect of the disulfide subunit disulfide bonds formed between diagonal
bond was on the opening allosteric transition, we can L607C subunits at a similar rate to that measured in
calculate that the disulfide bond formation increased channels containing four cysteines suggests that the C
the free energy of opening with cGMP for I600C channels helices of all four subunits are in close proximity in the
by 2.3 kcal/mol, for L601C channels by 2.4 kcal/ closed state. Although we cannot rule out the possibility
mol, and for L607C channels by 2.0 kcal/mol. These that the CNBDs of CNG channels come together as a
energetic effects of disulfide bond formation were very 2-fold symmetric “dimer of dimers,” the simplest expla-
similar for each of these mutant channels, consistent nation of these results is that the CNBDs exhibit 4-fold
with the disulfide bond affecting the same process in symmetry.
each case. How do the relative positions of the C helices change
Disulfide bond formation did not inhibit the CNGA1Cys- during channel activation? Intersubunit disulfide bonds
free/L607C or L607C/CNGA1Cys-free heterodimeric channels formed much faster in the absence of ligand than in
as much as channels comprising four L607C subunits the presence of saturating cGMP in I600C, L601C, and
(Figures 7 and 8). This was partially due to the fact that L607C channels. Although cysteine accessibility, orien-
the amount of inhibition depended on the channel’s free tation, and chemical reactivity all contribute to the rate
energy of opening, and the heterodimeric channels had of disulfide bond formation, this rate has been shown
a lower free energy of opening than channels comprising to depend most strongly on the distance between the
four L607C subunits. Taking this into account, we calcu- two cysteines (Careaga and Falke, 1992). This suggests
lated that disulfide bond formation in the heterodimeric that the distances between I600C, L601C, and L607C
channels increased the free energy of opening with residues on multiple subunits increase during channel
cGMP by 1.2 kcal/mol and with cIMP by 0.9 kcal/ opening. The fact that cysteines on multiple faces of a
mol. This was about half as much as the energetic effect presumed  helix all formed closed-state dependent
of disulfide bond formation in channels containing four intersubunit disulfide bonds suggests that the entire C
cysteines (2.0 kcal/mol), suggesting that channels helices are closer together in the closed state than in
containing four cysteines can form two disulfide bonds, the open state. However, it is also possible that the C
and that each disulfide bond inhibits the opening alloste- helices rotate along their axes during channel activation.
ric transition in an energetically additive manner. The Ligand is thought to initially bind to the  roll, and the
simplest way to interpret these results is if channels bound ligand is thought to stabilize a relative movement
comprising four L607C subunits can form disulfide of the C helix toward the  roll in each subunit (Varnum
bonds between both neighboring and diagonal subunits. et al., 1995; Matulef et al., 1999). Our data support a
It is possible that the disulfide bonds that we observed model in which the C helices of all four subunits are in
formed between the CNG channels and an endogenous close proximity in the closed, unliganded state, and the
protein expressed in Xenopus oocytes rather than be- relative movement of the C helices toward the  rolls
tween multiple channel subunits. There is precedent for during channel opening pulls the C helices away from
endogenous proteins binding to or near the CNBD of each other (Figure 9B). When intersubunit disulfide
CNG channels expressed in Xenopus oocytes (Moloka- bonds form between C helices, primarily in closed chan-
nova et al., 1997, 1999; Brown et al., 2000). Although nels, the relative movement of the C helices toward the
we cannot totally rule out this possibility, the disulfide-  rolls is inhibited, hence inhibiting channel opening.
bonded channel was approximately the size of a channel This model can explain how disulfide bonds between C
dimer, as estimated by SDS-PAGE, and residues helices form faster in closed channels and stabilize the
throughout four turns of a predicted  helix formed this closed state. Hence, disulfide bond formation between
disulfide bond. Additionally, the disulfide bond must be
C helices has helped us gain a better understanding
formed with a protein expressed in at least stoichiomet-
of the quaternary structure of CNG channels and the
ric quantities, since the disulfide bond eliminated nearly
conformational changes occurring during channelall of the current passing through L601C channels.
opening.These combined pieces of evidence suggest that disul-
fide bond formation occurs between the C helices of
multiple channel subunits. Furthermore, the rate of disul- Experimental Procedures
fide bond formation was independent of expression lev-
Molecular Biologyels (data not shown), suggesting that the C helices form
The cDNA for the bovine CNGA1 channel was subcloned into a highdisulfide bonds between subunits within the same chan-
expression vector, kindly provided by E.R. Liman, which contains
nel rather than between multiple channels. the untranslated sequences of the Xenopus -globin gene (Liman
What are the structural implications of disulfide bond et al., 1992). The amino acid sequence was identical to the published
formation between the C helices of multiple channel sequence (Kaupp et al., 1989) except for a K2E mutation and the
subunits? For sulfhydryl groups to react, the  carbons addition of an 8 amino acid “FLAG” epitope tag (DYKDDDDK) that
replaces the last 5 amino acids (DSTQD) on the carboxyl terminus.of the cysteine residues must be separated by no more
These changes did not alter any of the measured properties ofthan 3.4–4.6 A˚ (Careaga and Falke, 1992). However, in
CNGA1 (data not shown). CNGA1Cys-free (previously called CNG1c7)flexible proteins, where the disulfide bond may trap the
channels had a higher apparent affinity for cGMP compared to
protein in a relatively rare conformation, disulfide bonds CNGA1 channels, but otherwise behaved similarly to CNGA1 chan-
may form between residues as far as 15 A˚ apart (Falke nels (Matulef et al., 1999). Mutant cDNAs were constructed using a
and Koshland, 1987; Careaga and Falke, 1992). Since PCR-based method as previously described (Gordon and Zagotta,
1995a) and were verified by automated sequencing (PE Applieddisulfide bonds could form at so many consecutive posi-
Neuron
102
Biosystems, Foster City, CA). cRNA was transcribed in vitro using solution changer was controlled with the data acquisition software
(PULSE; Instrutech, Elmont, NY). Time courses of disulfide bondthe mMessage mMachine kit (Ambion, Austin, TX). Tandem dimer
constructs were made as previously described (Gordon and Za- formation induced by Cu(phen)3 were measured by exposing the
patch for discrete amounts of time (30–90 s) to the following seriesgotta, 1995c). The DNA and transcribed cRNA were checked for
recombination on agarose gels. of solutions: (1) 2 mM cGMP, (2) 16 mM cIMP, (3) wash solution (0
cNMP solution or 2 mM cGMP without EDTA), (4) Cu(phen)3 in wash
solution, and (5) wash solution (repeated). This series was repeatedProtein Preparations
either until the current elicited by the test solution reached a steady-Xenopus oocytes were prepared and injected with cRNA as pre-
state level or for as long as possible. For determining rates of disul-viously described (Zagotta et al., 1989). Protein purification was
fide bond formation in the open state, 0 cNMP solution was applieddone using a modification of the protocol previously described (Rho
after each cIMP solution to measure leak current in the absence ofet al., 2000). Briefly, after 4–10 days of incubation at 16C, 10–15
ligand. Time courses of disulfide bond formation at pH 8.0 in theoocytes of each construct were homogenized in 200l of lysis buffer
closed state were measured similarly, with the patch exposed for(100 mM Tris, 100 mM NaCl, 0.5% v/v Triton X-100, 5g/ml aprotinin,
discrete amounts of time (0.5–7.5 min) to the following series of5 g/ml leupeptin, 2.5 g/ml pepstatin, and 17.4 g/ml PMSF at pH
solutions: (1) 2 mM cGMP, pH 7.2, (2) 16 mM cIMP, pH 7.2, (3) 08.0). The homogenate was incubated on ice for 15 min and then
cNMP, pH 7.2, (4) 0 cNMP, pH 8.0, and (5) 0 cNMP, pH 7.2. Like withcentrifuged at 18,000  g for 10 min at 4C. The soluble fraction
Cu(phen)3 time courses, this series was repeated until the currentwas removed into a clean tube and centrifuged at 18,000  g for
reached a steady-state level or for as long as possible. In eachan additional 10 min. At this time (45 min after homogenization),
solution, the voltage was stepped 4–45 times from a holding poten-unless otherwise indicated, 20 mM NEM (Sigma, St. Louis, MO) was
tial of 0 to 60 mV for 100 ms and then to 60 mV for 100 msadded to the soluble fraction to ensure that no further disulfide
before it was returned to 0 mV. Currents elicited by 2 mM cGMP orbond formation occurred. The soluble fraction was centrifuged two
16 mM cIMP were measured as a function of cumulative time eitheradditional times at 18,000  g for 5 min, each time removing the
in Cu(phen)3 or at pH 8.0. Since the current elicited by 2 mM cGMPsoluble fraction into a clean tube. We then added 6.5 l of the
was not significantly different at pH 7.2 or pH 8.0, time courses ofsoluble fraction (0.3–0.5 oocyte equivalents) to Laemmli loading dye
disulfide bond formation at pH 8.0 in the open state were measured(Laemmli, 1970), either in the presence or absence of 5% -mercap-
by exposing the patch for a relatively long period of time (20–60toethanol (-ME) as indicated. Samples were subjected to SDS-
min) to 2 mM cGMP, pH 8.0. Leak current in the absence of ligandPAGE using 3%–8% Tris acetate gels (Invitrogen, Carlsbad, CA).
was determined at the end of the time that the patch was exposedProteins were transferred to a nitrocellulose filter by electroblotting.
to 2 mM cGMP, pH 8.0; patches were used only if the leak currentAfter transfer, the FLAG-tagged channels were detected using West-
did not change significantly during the experiment.ern blotting with the M2 anti-FLAG primary antibody (Sigma) and
goat anti-mouse IgG secondary antibody conjugated with peroxi-
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